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The  polymer  electrolyte  membrane  fuel  cells  (PEMFCs)  for  vehicle  and  portable  application  are  faced 
with  challenges  in  reducing  cost  and  the  system  volume.  The  need  of  low  temperature  operation  and 
humidification  are  the  root  causes  of  the  challenge.  The  development  of  electrolyte  membranes  capable 
to  operate  in  intermediate  temperatures  of  200-400  °C  without  humidification  is  crucially  required  to 
overcome  the  challenges  since  such  fuel  cell  provides  a  chance  to  reduce  or  remove  Pt  in  electrode  and  no 
need  of  humidification  results  in  simple  system.  In  this  paper,  we  report  the  first  successful  fabrication 
of  fuel  cell  based  on  fully  dense  amorphous  Sn0.9ln0.iP2O7  (SIPO)  proton  conducting  thin  film  electrolyte 
membrane  formed  by  sputtering.  The  obtained  thin  film  electrolyte  exhibits  extremely  low  area  specific 
resistance  (ASR)  of  0.04  Q  cm2  without  any  additional  humidification  at  200  °C.  The  densification  degree 
of  the  thin  film  electrolyte  was  confirmed  through  the  observation  of  microstructure  and  high  open  circuit 
voltages  (OCVs)  between  0.95  V  and  1.05  V  in  the  fuel  cells  based  on  the  thin  film  electrolyte.  The  thin 
film  fuel  cell  yielded  a  peak  power  density  of  44  mW  cm-2  with  electrolyte  thickness  of  1 80  nm  at  200  °C. 

©  201 1  Elsevier  B.V.  All  rights  reserved. 


1.  Introduction 

The  researches  of  fuel  cell  system  for  vehicle  and  portable  appli¬ 
cations  have  been  mostly  based  on  polymer  electrolyte  membrane 
fuel  cell  (PEMFC)  due  to  its  fast  start  up  and  the  possibility  of  using 
alcohol  fuel  [1,2].  The  most  widely  adopted  electrolyte  has  been 
perfluorinated  membrane  such  as  Nation®  by  DuPont,  which  con¬ 
sists  of  tetrafluoroethylene  backbone  having  sulfonic  group  at  the 
end.  It  is  essential  to  keep  the  sulfonic  group  hydrated  for  the  mem¬ 
brane  to  have  proton  conductivity.  This  requirement,  however,  is 
the  root  cause  of  PEMFCs  major  bottlenecks:  the  need  of  humid¬ 
ification  and  the  use  of  expensive  Pt  catalyst.  The  first  bottleneck 
keeps  the  operating  temperature  of  PEMFC  under  80  °C  and  the 
second  bottleneck  is  an  inevitable  result  from  the  low  operating 
temperature. 

Fuel  cells  running  at  higher  temperatures  without  additional 
humidification  will  achieve  low  cost  and  high  efficiencies  at  the 
same  time.  Such  fuel  cell  operation  will  offer  simpler  water 
management  compared  to  conventional  PEMFCs  including  the 
elimination  of  the  humidifier  units  from  the  fuel  cell  system  [3]. 
Also,  electrode  reaction  kinetics  enhanced  by  the  increased  tem¬ 
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perature  allows  the  use  of  Pt-free  electrodes  [4,5]  as  well  as  the 
reduction  of  Pt  loading  [6,7].  In  terms  of  operating  temperature, 
the  reforming  of  alcohol  fuels  to  hydrogen  can  be  integrated  with 
fuel  cell  stack  if  the  stack  runs  within  the  alcohol  reforming  temper¬ 
ature  range,  which  is  200-400  °C  [8,9].  It  allows  the  efficient  use  of 
high  energy  density  fuels,  which  is  particularly  beneficial  for  trans¬ 
portation  applications.  It  has  been  reported  that  the  solid  oxide  fuel 
cells  using  proton  conducting  perovskite  oxides,  such  as  yttrium 
doped  barium  cerate  [10,11]  and  yttrium  doped  barium  zirconate 
[  1 2,1 3 ]  as  an  electrolyte  are  operable  at  400  °C.  Their  performance, 
however,  rapidly  decrease  under  400  °C.  Thus,  development  of  elec¬ 
trolyte  membranes  capable  to  operate  in  intermediate  temperature 
(200-400  °C)  without  humidification  is  an  essential  element  in 
overcoming  the  bottlenecks  of  current  PEMFC  technology. 

The  electrolyte  materials  for  the  intermediate-temperature  fuel 
cells  (ITFCs)  have  been  extensively  investigated.  They  usually  con¬ 
sist  of  phosphate-based  proton  conductors  such  as  CsH2P04  [14], 
NH4PO3  [15]  and  SnP207  [16].  Recently,  various  metal  pyrophos¬ 
phates  (MP207,  where  M  =  Sn  [16-19],  Ce  [20],  Zr  [21])  have  been 
reported  to  show  good  proton  conductivity  in  the  intermedi¬ 
ate  temperatures  under  unhumidified  conditions.  In  particular, 
of  these,  Sn0.gIn0.iP2O7  (SIPO)  exhibited  relatively  high  proton 
conductivities  above  10_2Scm_1  around  200 °C.  However,  the 
electrolyte  membranes  used  for  a  fuel  cell  were  prepared  by  press¬ 
ing  calcined  Sn0.9ln0.iP2O7  powders  into  pellets.  Further  reduction 
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of  the  pressed  pellet  thickness  was  not  achieved  due  to  gas  leakage 
through  the  pores  of  the  pressed  pellets.  Also,  it  is  hard  to  pre¬ 
pare  fully  sintered  SIPO  compacts  due  to  the  poor  sinterability  of 
phosphate  based  solid  acid  electrolytes.  In  order  to  enhance  ionic 
conduction  and  cell  performances,  it  was  necessary  to  improve 
densification  of  the  electrolyte  through  adopting  more  effective 
preparation  methods.  To  synthesize  thinner  (<100  p,m)  but  dense 
SIPO  membrane,  composite  approach,  in  which  the  membranes  are 
formed  by  mixing  organic  and  inorganic  materials,  has  been  tried 
[22,23].  The  increase  of  organic  material  contents  improved  ten¬ 
sile  strength  of  the  composite  membrane,  however,  it  reduced  the 
conductivity  of  the  composite  membrane  under  unhumidified  con¬ 
ditions.  The  operating  temperature  of  ITFCs  using  the  composite 
membrane  is  limited  to  below  200  °C  due  to  the  insufficient  thermal 
stability  of  the  organic  materials.  However,  the  fuel  cell  operation 
above  200  °C  is  desirable  to  fully  utilize  the  advantages  in  ITFCs. 

In  this  study,  the  fabrication  and  functionality  of  fully  dense 
amorphous  SIPO  proton  conducting  thin  film  electrolyte  mem¬ 
brane  and  the  fuel  cell  based  on  the  thin  film  membrane  have  been 
demonstrated  for  the  first  time.  The  area  specific  resistance  (ASR) 
and  fuel  cell  performances  were  evaluated  using  optimized  thin 
film  electrolyte  with  electrolyte  thickness  of  1 80-420  nm  without 
humidification  at  200  °C.  The  densification  degree  of  the  obtained 
thin  film  electrolyte  was  confirmed  through  the  observation  of 
microstructure  and  high  open  circuit  voltages  (OCVs)  between 
0.95  V  and  1.05  V  in  the  fuel  cells. 


2.  Experimental 

2.1.  Preparation  of  materials  and  devices 

Synthesis  of  SIPO  powder :  SIPO  powder  was  prepared  in  similar 
manner  as  reported  in  the  literature  [16].  Sn02  (99.99%,  Aldrich) 
and  ln203  (99.99%,  Aldrich)  powders  were  mixed  with  85%  H3P04 
(Aldrich)  and  ion-exchanged  water.  The  mixture  solution  was  held 
with  stirring  at  300  °C  until  a  high  viscosity  paste  was  formed.  The 
pastes  were  calcined  in  an  alumina  pot  at  650  °C  in  air  for  2.5  h  and 
then  ground  with  a  mortar  and  pestle  to  the  form  of  powder. 

Preparation  of  Sn0.gIn0jP2O7  target:  The  calcined  SIPO  powder 
was  further  ground  in  ethanol  using  a  planetary  mill  with  a  zirconia 
mill  container  and  zirconia  balls  for  14h.  The  powder  was  mixed 
with  1  wt.%  polyvinyl  alcohol  as  a  binder  in  a  mortar  and  pressed  at 
1 .5  x  1 03  kgf  cm-2  to  form  a  disk  (2  in.  diameter,  5  mm  thick).  After 
debinding  at  500  °C  for  12h,  the  disk  was  sintered  at  1200°C  for 
2  h  in  air.  The  Sn0.9ln0.iP2O7  target  was  completed  by  bonding  the 
sintered  disk  with  a  copper  backing  plate  using  a  conductive  silver 
epoxy. 

Fabrication  of  SIPO  thin  film :  The  thin  film  electrolyte  was  fabri¬ 
cated  by  RF  sputtering  with  the  SIPO  target.  The  deposition  was 
carried  out  with  a  power  of  30-90  W  in  Ar  and  02/Ar  mixture 
at  a  total  pressure  of  0.67-1.33  Pa.  The  substrate  temperature 
was  varied  from  room  temperature  to  700  °C  during  deposition 
and  the  target-to-substrate  distance  was  changed  in  the  range  of 
70-120  mm. 

Fabrication  of  conductivity  measurement  cell  and  working  fuel  cell: 
For  conductivity  measurement  cell,  a  dense  Pt  layer  was  deposited 
on  a  Si  ( 1  0  0)  wafer  by  RF  sputtering  with  50  W  power  in  0.67  Pa  Ar 
atmosphere  and  followed  by  deposition  of  the  SIPO  thin  film  elec¬ 
trolyte  and  the  dense  Pt  layer  in  the  same  condition  as  described 
above.  The  thicknesses  of  the  Pt  layers  were  lOOnm  and  elec¬ 
trolyte  layer  was  420  nm.  The  thin  film  fuel  cells  were  formed  with 
200  nm  thick  porous  Pt  anode,  1 80-420  nm  thick  SIPO  electrolyte, 
and  170  nm  thick  porous  Pt  cathode  (area:  2.25  mm2 )  on  an  anodic 
aluminum  oxide  (Synkera  Technology  Inc.,  80  nm  pores,  1 5%  poros¬ 
ity)  substrate.  The  sputtering  of  the  porous  Pt  layer  was  carried  out 
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Fig.  1.  XRD  patterns  of  (a)  Sno.glno.^Oy  target,  (b)  SIPO  thin  film  with  post-heat 
treatment  at  700  °C  in  air,  and  (c)  SIPO  thin  film  deposited  on  a  heated  substrate  at 
600  °C  without  post-heat  treatment. 


at  100W  power  in  0.67  Pa  Ar  for  anode  and  at  150W  power  in 
6.67  Pa  Ar  for  cathode,  respectively. 

2.2.  Measurement  and  characterization 

Conductivity  and  ASRs  of  the  SIPO  thin  film  electrolytes  were 
measured  by  using  AC  impedance  spectroscopy  in  the  frequency 
range  of  0.1-106Hz  and  the  amplitude  of  10  mV.  The  test  was 
performed  in  unhumidified  air  (Ph2o  =  ~0.0075  atm)  with  the 
measurement  setup  for  the  four  probe  method.  For  the  fuel  cell 
tests,  the  fabricated  cells  were  attached  on  the  custom  made  hydro¬ 
gen  feeding  chamber  and  sealed  by  applying  ceramic  adhesive 
(Aremco  Products,  Inc.,  CP4010).  The  anode  was  electrically  con¬ 
nected  with  Pt  wire  via  silver  paste.  The  cathode  current  collection 
was  achieved  by  contacting  a  microprobe  on  the  cathode.  The  whole 
test  jig  was  placed  inside  of  a  temperature  controlled  oven.  Dry 
pure  H2  and  unhumidified  air  were  supplied  to  the  anode  side 
and  the  cathode  side  with  the  flow  rates  of  50  and  100SCCM, 
respectively.  The  crystalline  structure  was  characterized  by  X-ray 
diffraction  (XRD,  Philips,  XPert  PRO).  The  morphology  of  cross- 
section  of  the  films  was  observed  by  scanning  electron  microscopy 
(SEM,  Hitachi,  S5500)  and  transmission  electron  microscopy  (TEM, 
FEI,  Titan  F30).  The  chemical  composition  of  the  thin  film  elec¬ 
trolytes  was  confirmed  by  X-ray  photoelectron  spectroscopy  (XPS, 
Physical  Electronics,  Quantum  2000).  Fourier  transform  infrared 
(FT-IR)  spectra  of  the  thin  film  electrolytes  were  measured  in  the 
transmission  mode  using  Varian  670-IR  Spectrometer. 

3.  Results  and  discussion 

The  results  of  SIPO  thin  film  deposition  revealed  that  the  vacuum 
pressure  and  sputter  power  were  the  most  crucial  process  param¬ 
eters  to  control  the  densification  of  the  SIPO  films.  Relatively  dense 
films  were  achieved  when  the  pressure  was  0.67  Pa  and  the  power 
was  60  W.  For  the  control  of  crystallinity  and  chemical  composition 
in  the  thin  film,  the  substrate  temperature  was  varied  during  the 
deposition  and  an  additional  heat-treatment  of  the  deposited  film 
was  carried  out  as  needed.  From  XRD  patterns  of  SIPO  target  and 
deposited  SIPO  films  (Fig.  1),  it  can  be  found  that  a  crystalline  SIPO 
film  is  fabricated  by  post-heat  treatment  of  the  deposited  film  at 
700  °C  and  higher  in  air.  The  heat  treated  film  as  well  as  the  sput¬ 
ter  target  showed  consistent  peaks  representing  the  SnP207  cubic 
structure.  The  secondary  crystal  phase  containing  In  dopant  such  as 
ln203  was  not  detected.  It  suggests  that  doped  In3+  was  completely 
substituted  for  Sn4+.  However,  as  shown  in  Fig.  2a,  the  heat  treated 
film  was  not  dense  enough  with  the  existence  of  some  defects.  The 
defects  generally  lead  to  fuel  crossover  and  sometimes  cause  short 
circuit  when  metal  electrodes  are  formed  on  both  sides  of  submi¬ 
cron  ceramic  electrolyte  [13].  It  is  considered  that  the  defects  are 
formed  by  evaporation  of  phosphorus  species  during  the  post-heat 
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Fig.  2.  SEM  image  of  the  cross-section  of  (a)  crystalline  and  (b)  amorphous  SIPO 
films  on  a  Si  substrate.  Crystalline  SIPO  film  was  fabricated  by  post-heat  treatment 
at  700  °C  in  air.  Amorphous  SIPO  film  was  deposited  on  a  heated  substrate  at  600  °C 
without  post-heat  treatment. 


treatment  considering  the  decrease  of  phosphorus  composition  by 
the  heat  treatment.  This  may  be  one  of  reasons  that  the  fully  dense 
sintered  compact  of  bulk  phosphates  have  not  been  made.  On  the 
other  hand,  fully  dense  films  were  obtained  by  forming  amorphous 
state  of  SIPO.  The  substrate  was  heated  between  room  temperature 
and  700  °C  during  the  deposition.  The  deposited  thin  film  showed 
no  diffraction  peak  state  in  the  XRD  result,  regardless  of  substrate 
temperatures.  Contrary  to  crystalline  films,  the  amorphous  thin 
films  have  no  defects  or  pores  (Fig.  2b). 

The  chemical  composition  of  the  films  deposited  with  various 
sputter  conditions  was  confirmed  by  XPS.  As  shown  in  Table  1,  the 
composition  ratio  of  Sn  and  In  was  consistent  with  that  of  the  tar¬ 
get  (Sn:In  =  0.9:0.1)  regardless  of  sputtering  conditions.  However, 
composition  ratio  of  phosphorus  to  metals,  i.e.  P/(Sn  +  In),  varied 
with  the  sputter  conditions.  Among  them,  it  was  found  that  sput¬ 
ter  atmosphere  is  an  important  factor  to  control  the  P/(Sn  +  In) 
ratio.  The  film  deposited  in  Ar  atmosphere,  which  denoted  by  Ar- 
film,  indicated  low  phosphorus  content;  P/(Sn  +  In)  =  1.6.  The  film 
deposited  in  20%  02  atmosphere,  which  denoted  by  02-film,  was 
near  the  stoichiometry  of  Sn0.9ln0.i  P207 ;  P/(Sn  +  In)  =  2.0.  This  indi¬ 
cates  that  oxygen  functions  as  reactant  gas  for  the  formation  of 
P207  unit. 

As  shown  in  Fig.  3,  the  thin  films  exhibited  similar  conductiv¬ 
ity  behavior  to  that  of  bulk  SIPO  as  reported  in  literatures  [16,18], 
i.e.  the  conductivity  increased  with  increasing  temperature  up  to 
around  200  °C  and  slightly  decreased  with  further  increase  of  tem¬ 
perature.  This  implies  that  proton  conduction  mechanism  in  the 
amorphous  SIPO  thin  film  is  similar  to  that  in  the  bulk  SIPO.  It 
has  been  proposed  that  protons  are  incorporated  in  these  metal 
pyrophosphates  by  interaction  between  water  vapor  and  oxygen 
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Fig.  3.  Temperature  dependence  of  conductivity  of  amorphous  SIPO  thin  films  (02- 
film  and  Ar-film).  These  conductivities  were  measured  in  unhumidified  air  (Ph2o  = 
~0. 0075  atm). 


vacancies  formed  by  the  substitution  of  In3+  for  Sn4+  in  SnP207. 
And  then  the  protons  migrate  via  the  dissociation  of  OH  bonds  in 
the  P207  unit,  which  is  called  hopping  mechanism  [16].  The  pro¬ 
ton  conduction  in  the  amorphous  thin  films  is  supported  by  the 
observation  of  P-O-  •  -H  group  in  Fourier  transform  infrared  (FT- 
IR)  analysis.  The  IR  spectra  of  the  thin  films  (Fig.  4)  indicated  the 
absorption  peaks  for  P-0  vibration  (1150  cm-1  and  950  cm-1 )  and 
P-O-P  vibration  (750  cm-1 )  [24,25].  Also,  P-O-  •  -H  group  was  con¬ 
firmed  as  the  absorption  band  appeared  at  3000-3600  cm-1 ,  which 
is  the  evidence  of  5(OH)  [26].  These  results  suggest  that  protons  are 
bonded  to  Sn-P-0  network  formed  in  the  amorphous  thin  films. 

The  conductivity  of  the  Ar-film  with  lower  phosphorus 
composition  was  much  lower  than  the  02-film  with  near  sto¬ 
ichiometric  phosphorus  composition  (P/(Sn  +  In)  =  2);  they  were 
2.32  x  1 0-5  S  cm-1  and  1 .85  x  1 0-3  S  cm-1  at  200  °C  for  the  Ar-film 
and  the  02-film,  respectively.  In  addition,  the  absorption  peaks  for 
P-O  and  P-O-P  vibrations  were  smaller  in  the  Ar-film  than  in  the 
02-film.  Therefore,  it  is  regarded  that  the  P207  network  for  the  pro¬ 
ton  conduction  was  formed  in  the  amorphous  thin  films  and  the 
lower  conductivity  of  the  Ar-film  is  due  to  the  phosphorus  defi¬ 
ciency.  During  the  sputtering,  SIPO  is  transferred  from  the  target  to 
sample  in  a  form  of  SIPO  cluster  rather  than  decomposed  elements 
such  as  P,  Sn  and  In.  Thus,  the  Ar-film  is  expected  to  maintain  phos¬ 
phate  structure  even  with  phosphorus  deficiency.  Such  phosphorus 
deficiency  causes  a  partial  disconnection  of  the  P207  network  for 
proton  conduction,  leading  to  the  low  conductivity  [27]. 

The  SIPO  thin  film  implements  low  ASR  and  high  OCV  at  the  same 
time,  which  has  not  been  the  case  of  SIPO  pellets  and  SIPO-based 
composites  (Fig.  5).  The  amorphous  SIPO  thin  film  was  deposited 
on  a  heated  substrate  at  600  °C  without  post-heat  treatment.  The 
results  for  the  pellet  and  composite  membrane  were  cited  from  the 
previous  reports  [22].  A  decrease  of  the  ASR  for  the  pellet  sample 
was  achieved  by  reducing  the  electrolyte  thickness  but  it  resulted  in 
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Fig.  4.  FT-IR  spectra  of  amorphous  SIPO  thin  films. 
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Table  1 

Chemical  composition  of  SIPO  films  deposited  with  various  sputter  conditions.  For  all  conditions,  sputter  power  is  60  W  and  total  pressure  of  sputter  atmosphere  is  5  mTorr. 


Sputter  condition 

Composition 

Target-substrate  distance 

Substrate  temperature 

Sputter  atmosphere 

Sn 

In 

P 

70  mm 

Room  temp. 

10%  02  in  Ar 

0.90 

0.10 

2.12 

120  mm 

Room  temp. 

10%  02  in  Ar 

0.90 

0.10 

2.55 

120  mm 

600  °C 

10%  02  in  Ar 

0.90 

0.10 

2.18 

120  mm 

600  °C 

0%  02  in  Ar 

0.91 

0.09 

1.61 

120  mm 

600  °C 

20%  02  in  Ar 

0.90 

0.10 

2.03 

> 

> 

O 

o 


Thickness  (pm) 


Fig.  5.  Comparison  of  ASR(0-  □.  A)  and  OCV  (#,  ■.  a)  at200°C  for  the  thin  film(0- 
•),  pellet  (□,  ■),  and  composite  membranes  (A,  a)  consisting  of  SIPO.  The  results 
for  the  pellet  and  composite  membranes  were  cited  from  the  literature  [22]. 


a  decrease  of  the  OCVs  due  to  the  fuel  and  air  crossover  through  the 
electrolyte  via  defects  such  as  pin-hole,  crack,  and  pores.  In  contrast, 
the  composite  membrane  consisting  of  the  mixture  of  SIPO  powder 
and  polymer  binders  maintained  high  OCV  (0.95  V)  even  when  the 
thickness  was  reduced  to  60  p,m.  Its  lowest  ASR  was  0.24  £2  cm2. 

In  the  sputtered  SIPO  thin  film,  a  significant  decrease  in  the  ASR 
has  been  achieved  without  a  decrease  in  the  OCV.  The  ASR  for  the 
thin  film  decreased  to  0.04  £2  cm2  by  reducing  electrolyte  thickness 
to  1 80  nm.  In  spite  of  the  fact  that  these  films  are  ultra  thin,  fuel  cells 
using  the  thin  films  yielded  high  OCVs  of  0.95-1 .05  V.  This  result  is 
not  only  the  direct  evidence  of  the  proton  conduction  in  the  present 
thin  film,  but  also  the  film  being  dense  and  defect-free.  The  conduc¬ 
tivity  of  the  SIPO  thin  film  is  lower  than  those  of  the  reported  bulk 
pellet  samples  by  one  order  of  magnitude  [16,19].  It  is  considered 
that  the  lower  conductivity  is  due  to  the  crystal  structural  irregu¬ 
larity  in  the  amorphous  materials.  Crystalline  SnP207  shows  a  cubic 
structure  with  Sn06  octahedra  and  P207  units  at  the  corners  and 
the  edges,  respectively  [16].  Such  closely  packed  P207  units  provide 
many  proton  bonding  sites  and  associated  transport  pathways  in 
the  bulk.  In  amorphous  SIPO,  crystal  structural  regularity  may  not 
be  as  high  as  the  regularity  in  bulk  SIPO.  In  spite  of  lower  conduc¬ 
tivity,  much  lower  ASR  has  been  obtained  in  the  amorphous  SIPO 
thin  film  by  making  the  SIPO  electrolyte  to  a  sufficiently  thin  and 
dense  film.  Furthermore,  the  SIPO  thin  film  has  the  lowest  ASR  com¬ 
pared  to  the  reported  thin  film  proton  conductors  operating  at  the 
intermediate  temperatures  (of 200-400  °C),  including  130  nm  thick 


Fig.  6.  Performance  of  a  H2  /  air  fuel  cell  using  SIPO  thin  film  electrolyte  with  different 
thicknesses  at  200  °C. 


Fig.  7.  TEM  image  of  the  cross-section  of  a  SIPO  thin  film  cell. 


Y3+  doped  zirconium  phosphate  (ASR  =  0.085  £2  cm2  at340°C)  [28], 
120nm  thick  a-Al0.iSio.gOx,  (ASR  =  0.24  ^  cm2  at  400  °C)  [29],  and 
700  nm  thick  BaCeo.sYo^.g  (ASR  =  0.12  £2  cm2  at  400  °C)  [11]. 

For  the  fuel  cell  test,  the  following  thin  film  fuel  cell  was  fabri¬ 
cated  by  sputtering  on  a  porous  alumina  substrate: 

Ptanode(  200  nm)  |  SIPOelectrolyte(  1 80-420  nm)  |  Ptcathode(  170  nm) 

The  current-voltage  curves  of  the  fuel  cell  with  different  elec¬ 
trolyte  thickness  are  shown  in  Fig.  6.  The  peak  power  density  of 
1 6  mW  cm-2  was  achieved  with  420  nm  thick  electrolyte  and  it  was 
enhanced  to  44  mW  cm-2  by  reducing  the  electrolyte  thickness  to 
1 80  nm  at  200  °C.  Flowever,  the  obtained  power  densities  were  low 
considering  the  ASR  of  the  electrolyte.  The  voltage  drop  of  the  fuel 
cell  with  420  nm  thick  electrolyte  was  690  mV  at  a  current  density 
of  70  mA cm-2.  According  to  an  EIS  measurement  of  the  cell,  the 
ohmic  resistance  was  0.17  £2  cm2.  The  corresponding  voltage  drop 
was  only  12  mV.  Thus,  the  low  performance  is  attributed  to  large 
polarization  resistance  of  electrodes.  The  present  electrodes  were 
solely  composed  of  particles  or  aggregates  of  Pt  in  contact  with  the 
electrolyte  only  at  its  edge  surface  and  the  Pt  electrodes  show  lit¬ 
tle  porosity  distribution  as  shown  in  TEM  image  of  cell  structure 
(Fig.  7),  resulting  in  limited  reaction  sites  and  poor  gas  diffusion  in 
the  electrodes.  Therefore,  electrode  structures  with  a  higher  poros¬ 
ity  and  an  impregnation  of  the  electrolyte  to  the  electrodes  will 
further  improve  the  cell  performance. 


4.  Conclusions 

Amorphous  SIPO  proton  conducting  thin  film  electrolyte  mem¬ 
branes  and  their  fuel  cells  were  fabricated  by  sputtering.  The  lowest 


P.  Heo  et  al.  /  Journal  of  Power  Sources  198  (2012)  117-121 


121 


ASR  of  the  amorphous  SIPO  thin  film  was  0.04  £2  cm2  at  200  ^with¬ 
out  additional  humidification.  The  defect-free  microstructure  in 
the  thin  film  and  the  high  OCV  (>0.95  V)  of  the  thin  film  fuel  cell 
demonstrated  the  high  densification  degree  of  the  thin  film  elec¬ 
trolyte.  Also  without  humidification,  the  fuel  cell  with  1 80  nm  thick 
amorphous  SIPO  electrolyte  yielded  a  maximum  power  density  of 
44mWcm-2  at  200  °C.  The  performance  of  the  SIPO  thin  film  fuel 
cell  will  increase  with  the  improvement  of  electrodes. 
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